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I
n industrialized countries, late stage AMD is the leading cause of legal blindness in the elderly. 1, 2 For neovascular AMD, the exudative late-stage manifestation associated with choroidal neovascularization (CNV), intravitreal injection of VEGF inhibitors (anti-VEGF) now represents an efficient therapeutic strategy. 3, 4 Neovascular AMD has been studied in detail using fluorescein angiography (FA) and indocyanine-green angiography (ICG-A). 5, 6 Recently, an anatomical classification for neovascular AMD has been proposed based on the additional information obtained from the cross-sectional lesion morphology as visualized by optical coherence tomography (OCT). 7, 8 However, conventional OCT devices do not allow direct visualization of the neovascular network; signs are rather indirect, such as intra-or subretinal fluid or pigment epithelial detachments. Fluorescein angiography is still considered the clinical gold standard when first diagnosing neovascular AMD.
Recently, amplitude decorrelation algorithms have enabled OCT devices to detect flow, thus allowing the visualization of the neovascular network. [9] [10] [11] [12] These new OCT angiography (OCT-A) devices are now available for clinical use. It has recently been shown that detailed visualization of the neovascular network in AMD is feasible 10, [13] [14] [15] and distinct morphologic subtypes of neovascularizations have been described. [16] [17] [18] [19] [20] In addition, approaches have been made to address morphologic differences between active, treatment requiring, and inactive CNV. [21] [22] [23] Quantification of the extent of neovascular networks is a task of major importance as lesion size has a well-recognized prognostic value. 24 In clinical routine 24, 25 as well as clinical trials 26 (ClinicalTrials.gov number, NCT02611778), this is currently being done employing FA. Despite an increasing number of reports on the appearance of neovascularization in OCT-A, 17, 27, 28 there is no data available for the validation of OCT-A to determine the exact extent of the neovascular network. Yet, this is important for a future application of OCT-A in clinical routine and to convince cost payers in the health system to accept OCT-A as a diagnostic standard. The data would also be particularly important to validate this new method for future clinical trials using OCT-A-based parameters as outcome measures.
The present study aims to investigate the potential of OCT-A for reliable identification and quantification of the neovascular network in eyes with treatment-naïve exudative AMD. Values of intra-and interreader agreement are compared with the values obtained by measurements on FA. Furthermore, disease duration and neovascularization subtype are analyzed as possible factors influencing reproducibility of measurements.
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METHODS

Ethics Statement
The study followed the tenets of the Declaration of Helsinki and was approved by the institutional review board (file no: 089/08). Informed written consent was obtained from each patient after explaining the nature and possible consequences of the study.
Patient Selection and Image Acquisition
Patients were consecutively recruited from the outpatient clinic of the Department of Ophthalmology, University of Bonn (Bonn, Germany), a tertiary care referral center for macular disorders. Patients diagnosed with treatment-naïve neovascular AMD based on funduscopy, spectral domain OCT and FA imaging were included in this study. Exclusion criteria encompassed the presence of other retinal diseases that could possibly confound the observation such as diabetic maculopathy or retinal vein occlusion.
Clinical routine examination included best corrected visual acuity (BCVA), slit-lamp examination, dilated indirect ophthalmoscopy, a 208 3 158 spectral domain OCT volume scan (consistent of ‡19 single B scans) and FA using an OCT device (Spectralis HRAþOCT; Heidelberg Engineering, Heidelberg, Germany) confocal scanning laser ophthalmoscopy system and fluorescein 5 mL (Alcon Pharma GmbH, Freiburg, Germany). After confirmation of the diagnosis ''exudative AMD,'' patients were asked to participate in the study and informed consent was obtained. Optical coherence tomography angiography, which was not part of the standard clinical care, was then performed as the unique study procedure. When both eyes of a patient met the inclusion criteria, both eyes were included in the analysis.
Acquisition of OCT Angiography
After informed consent was obtained, OCT-A images were acquired using a Spectralis HRAþOCT (Heidelberg Engineering) combined OCT and confocal laser-scanning ophthalmoscopy (cSLO) system. The device uses an 870-nm light source and an optical system that allows for acquisition of 85k 3 s À1 A-scans. Image stabilization and averaging is achieved by active eye tracking and a real-time alignment algorithm. Acquisition of an OCT angiogram is based on a full-spectrum amplitude decorrelation algorithm calculating a differential image of sequential B-scans obtained from the same position. The principles of the full-spectrum amplitude decorrelation algorithm (FSADA) and angiogram acquisition as performed using the OCT device (Heidelberg Engineering) are described in detail elsewhere. 29 Briefly, the difference between two images represents movement, in the retina essentially representing blood flow. In contrast to the currently more widely known split-spectrum amplitude decorrelation algorithm (SSADA) in FSADA, each B-scan is not spectrally segregated into multiple images but rather amplitude decorrelation is obtained between sequential ''full spectrum'' B-scans. Signal-to-noise ratio is improved by averaging multiple B-scans form a similar anatomic position. The scan volume was adjusted by discretion of the examiner to cover a volume of 5 3 15 to 15 3 15. The distance between two single B-scans in the volume was set to 11 lm. By software processing this volume scan renders an en face image based on the minimum, maximum, or mean intensity of the pixels within a manually defined slab.
Image Grading
Grading of the neovascular network based on OCT-A and FA was performed by three independent readers (ML, JS, PF) who were blinded to the results of each other and any other imaging modality.
We and readers were asked to delineate and measure the area of the neovascular network using the ''draw region'' tool. For OCT-A images, the neovascular network was visualized and quantified in the en face projection at its greatest horizontal dimension at the discretion of the reader. Standards for rendering and visualization for OCT-A slabs were not yet implemented into the version of the imaging software (Heidelberg Engineering) used in the current analysis. Therefore, manual adjustment of the settings for OCT-A contrast, method of projection (minimum, maximum or mean intensity) as well as thickness and location of the slab was performed at the discretion of the reader. In case the readers considered that no neovascular network was visible, they could omit this particular grading. To obtain values for intrareader agreement, one reader (ML) graded both, OCT-A and FA and, twice. Exemplary measurements are given in Figure 1 .
For fluorescein angiography images, delineation and measurements of the neovascular network were performed analogue to the procedures defined in the Comparison of Age-related Macular Degeneration Treatments Trials study. 26 In brief, for type II lesions, an image acquired right before the onset of leakage was chosen. For type I lesions, an image was chosen showing fully developed staining. In the current study, area measurements of type III neovascularizations were performed according to the procedure chosen for type II lesions by Grunwald et al. 26 These procedures allow for reducing inclusion of concomitant leakage into measurements of the new vessel complex size.
Images of OCT-A and FA, with the outlined area of the neovascular network, were saved as digital image files (TIFF) for further processing and all values, including the size of the neovascular network and the parameters used for visualization, were recorded in a spreadsheet application.
The neovascularization subtypes were classified in accordance with the previously described scheme by Freund et al. 7, 8 by two of the readers (ML, MP) and a senior reader (MF) in case of discrepancy. In brief, type I neovascularizations were defined by an elevated RPE line in the OCT, often with subretinal fluid and an early stippled hyperfluorescence with mild to moderate staining or leakage in the late phase observed in the FA. Type II was defined as showing hyperreflective material above the RPE and intra-or subretinal edema together with early lacy pattern hyperfluorescence and intense leakage in the FA. Type III was defined by intraretinal hyperreflective spots and cysts on OCT together with early focal leakage on the FA. 8 
Image Processing and Statistical Analysis
Data were analyzed using R statistical software. 30 Intra-and interobserver agreement for size of the neovascular network was assessed using the interclass correlation coefficient (ICC). 31 To analyze any systematic disagreement between two measurements of the same reader or between the readers, the descriptive method of Bland and Altman was additionally employed. 32 In brief, in Bland-Altman-plots the difference in measurements gained by two readers is plotted against the mean of the measurements. A value of 0 on the y-axis indicates perfect agreement. Dashed lines indicate mean difference and the limits of agreement.
Though ICC and Bland-Altman statistics are common tools used to address the agreement between examiners with regard to retinal imaging, measuring the same size does not essentially mean the same structure was really assessed. We therefore additionally assessed pixelwise area correlation applying a colocalization coefficient. 33 For each eye, FA and OCT-A images with the outlined neovascular network were registered on each other and cropped to the area of the en face OCT-A image using ImageJ, version 1.49g (http://imagej. nih.gov/ij/; provided in the public domain by the National Institutes of Health, Bethesda, MD, USA). 34, 35 Resulting images were converted into binary images, where the area marked as neovascular network appeared black using a colorthreshold approach (Figure 2) . These images were then transferred to a computing environment (MATLAB, version R2014a; MathWorks, Inc., Natick, MA, USA) to calculate overlap coefficients (OC). 33 An OC of 1 implies a perfect agreement; a value of 0 implies no overlap of the measured areas at all.
Values given in the manuscript represent medians and corresponding upper and lower quartiles if not indicated otherwise. If applicable, variances between groups were assessed using a 2-way ANOVA or Kruskal-Wallis-Test as appropriate. When represented in Boxplots, black bars indicate the median; hinges represent the first and third quartile. Whiskers range from the highest to the lowest value within the 1.5-fold IQR of the hinge. Dots represent the individual values.
RESULTS
A total of 31 eyes (27 patients, 15 female) were included in the study. Mean age of patients was 82.5 years (range: 67.4-91.7 years) and median BCVA at the day of examination was 0.40 (IQR: 0.18-0.50)] logMAR. In 18 eyes, patients reported no symptoms or a symptom onset of <3 months; for seven eyes, patients reported a symptom onset of >3 months. In 6 eyes, patients did not remember the date of symptom onset. According to the anatomical classification (based on FA and conventional OCT), 8 the neovascularization subtype was graded as follows: type I in 5 eyes (16%); type II in 11 eyes (35%); type III in 9 eyes (29%); and mixed in 6 eyes (19%).
In 12 eyes, the neovascular network exceeded the imageframe on the OCT-A image. These eyes were not included in the further analyses.
Analysis of the remaining 19 eyes (three type I, seven type II, six type III, and three mixed; disease duration: <3 months in 11 eyes, >3 months in 5 eyes, unknown in 3 eyes) revealed the following results: The median lesion size measured on OCT-A was 0.550 mm 2 (IQR: 0.303-0.685 mm 2 ). For fluorescein angiography, the median neovascular network size was 0.447 mm 2 (IQR: 0.212-0.602 mm 2 ). The intraclass correlation coefficient for intrareader agreement was 0.884 for OCT-A and 0.636 for FA. The descriptive method by Bland and Altman did not reveal any systematic differences in measurement of lesion size in either method (Figs. 3A, 3B ). For interreader agreement the ICC between the three readers was 0.670 for OCT-A and 0.748 for FA, respectively (Fig. 4A) . BlandAltman plots suggested that there was an overall tendency toward a larger disagreement between the readers with increasing lesion size, predominantly in OCT-A but also in FA (Figs. 3C-H) .
Comparison of the OC for area agreement between the three readers revealed the following results: The median interreader OC was 0. Nor was there significant dependency of OC on symptom duration. For patients who experienced no symptoms or symptoms for less than 3 months, the median OC was 0.657 (IQR: 0.458-0.765), while it was 0.600 (IQR: 0.281-0.838) in those with a symptom onset > 3 months ago. 
DISCUSSION
The current study demonstrates that OCT-A-based measurements of neovascular lesions in exudative AMD are feasible with an intra-and interreader agreement, comparable with the values obtained for FA within this study. Although the overall high ICC and OC for interreader area agreement indicates the validity of OCT-A for the detection of the neovascular network, low agreement in single eyes, particularly with type III and mixed lesions, points to distinct challenges implicated with this novel imaging modality.
For type III lesions, a recent study even reported that only 34% of the lesions could be visualized on OCT-A. 36 This may be explained by the lack of detecting leakage by OCT-A that may obscure the presence of small neovascular lesions that would have been detected by FA mainly by tracing back leakage.
Furthermore, displaying the third-dimension by OCT-A also represents a potential additional source of disagreement between readers concerning lesion delineation, and would especially influence measurements in lesions that span the retina in axial directions (predominantly type III and mixed lesions). Strategies for volumetric analyses are not established, yet. Therefore, a slap has to be defined where the twodimensional measurements are performed. In the setting of this study, readers were allowed to manually adjust the parameters for generation of the en face OCT-A slabs (namely: contrast, method of projection [minimum, maximum or mean intensity] as well as thickness and axial location of the slab). This became necessary as no standard settings for evaluation on neovascular membranes were implemented yet in the prototypic OCT-A viewing software used in this study. An advantage of this strategy was that correction of projection artefacts and minor segmentation inaccuracies were feasible. Indeed, this may represent a source of disagreement between readers in the current study. Improvement of algorithms for automated slap generation may certainly decrease inter-reader variability.
The weaker OC in type III lesion delineation in the current analysis may also be due to the on average smaller lesion size compared with other subtypes. This may in part be explained by the fact that a single pixel of disagreement as depicted in the en face image has a stronger relative impact on OC. Misinterpretation due to decreased quality or of imaging artifacts (e.g., signal noise falsely detected as movement by the decorrelation algorithm), would therefore have a larger implication.
The capacity of OCT-A to visualize flow is limited to a certain range of flow velocities (minimum: 0.5-2 mm/s, saturation: 9 mm/s estimated for current devices) also needs to be considered. 9 In theory, it is possible that certain neovascular networks (or at least parts of them) have flow velocities below the detection limit. Such lesions would be invisible on OCT-A. The exact range of detectable flow rates is determined be the physical specifications of an individual device and the employed algorithm for angiogram generation. Various OCT-A devices using differing methods for the generation of angiography images are currently available. In a clinical context, FSADA or SSADA 9 that interpret changes observed between two images sequentially obtained from the same location as movement are of major importance. 11, 37 The Spectralis HRAþOCT2 uses a ''full-spectrum'' decorrelation algorithm, while the SSADA is implemented e.g. in the RTVue XR Avanti (Optovue, Inc., Fremont, CA, USA). A novel algorithm using signal amplitude and phase information (''OMAGC'') has been recently implemented in the ZEISS AngioPlex (Carl Zeiss Meditec, Jena, Germany). 38 Ratio-based analysis of sequential OCT B-scans for generation of OCT-A data is employed by the Topcon (Topcon Corporation, Tokyo, Japan) devices. 39 The impact of different OCT-A generation methods has recently been investigated in single individuals. 40 Future studies on larger cohorts will elucidate the advantages of the different algorithms and devices used in clinical routine.
Besides the acquisition algorithm, other factors like axial and lateral resolution, maximal scanning volume size, image averaging and segmentation procedures will influence diagnostic accuracy and interreader agreement for each particular device. With regard to segmentation, the OCT software (Heidelberg Engineering) to date provides both predefined slabs for data assessment, but also easily accessible manual FIGURE 2. Illustration of image processing applied to calculate the area OC. Neovascular lesions were outlined by each reader (readers 1-3), converted into binary images and OCs between each of the readers were calculated. For illustration, each reader was assigned a color. In the overlap image, an overlap of the areas as demarked by each of the three readers appears as white, an overlap between two readers as yellow, magenta, and cyan. Areas of no overlap appear as red, blue, and green, corresponding to the color assigned to each reader. Crosses mark the centroid position of corresponding areas. adjustment tools; on the other hand the SD-OCT device (Optovue, Inc.) and OCT-A software (Carl Zeiss Meditec) software puts higher emphasis on predefined slabs. The use of predefined slabs will generally increase the agreement between different users; however, the chance to easily access tools for manual adjustment of these slabs (as frequently used by the readers in this study) might increase the overall diagnostic accuracy in clinical routine. Accuracy of segmentation algorithms and in particular their reliability in the presence of any pathologic finding is key for the detection of neovascularization. Faulty segmentation may either visualize vessels away from their actual anatomic position and thereby simulate the presence of a neovascularization or, conversely, lead to nonvisualization of actually existing pathologic vessels. 11, 37 To the best of our knowledge, none of the currently used segmentation algorithms is validated in terms of reliability in presence of pathologic findings. This will be an important task for future studies.
With regard to scanning volume size, this study underscores that volumes of 5 3 15 to 15 3 15 (¼ approximately 1 3 3 to 3 3 3 mm in an emmetropic eye) may be insufficient for the assessment of the entire neovascular network. Notably, in the current analysis, in 12 of 31 eyes the neovascularization exceeded the image frame on OCT-A. Therefore, it appears reasonable to apply larger scanning volume sizes to assess the neovascular membrane in future trials as well as in clinical routine.
Of practical interest is also the time required for acquisition of an OCT-A. As generation of OCT-A does not depend on the flooding kinetics of any dye, acquisition times are generally shorter than for FA or ICG-A. The exact acquisition time obviously depends on the acquisition parameters (scan volume, scan resolution, numbers of scans averaged) elicited and also the device employed (scan speed, speed of eye tracking system). There are several limitations to the design of the current study. It must be considered that all eyes included in this study have received the diagnosis of exudative AMD in clinical routine based on FA. This might have led to an a priori exclusion of eyes where the neovascularization was poorly visualized on FA. In future studies it needs to be further assessed if, and under what conditions, neovascularizations are not, or only poorly, visualized by OCT-A to avoid erroneous diagnosis in clinical routine as well as in clinical trials.
The fact that the readers knew that each included eye had presented with signs of neovascularization on FA obviously represents a bias. This might have influenced the readers to outline and measure presumptive structures in eyes which they might otherwise not have classified as a neovascular lesion. However, the overall high OC values for area colocalization show that readers-even in doubtful situations-generally chose identical lesions to represent neovascular complexes.
Published data on the agreement of area quantification between different readers in FA is sparse. In scanning laser ophthalmoscopy images, Vujosevic and coworkers 41 obtain a j value of 0.45 comparing the categorized values for neovascular lesion diameter obtained by two readers. Comparable values were obtained for fluorescein photographs categorizing by disk areas (j ¼ 0.4). 42 These categorical values are not directly comparable with the continuous values for agreement obtained here, but j values of 0.4 to 0.45 would rather correspond to ICC values slightly below those obtained in the current analysis. In this context it has to be considered that on FA, quantification of the extent of the actual neovascular network is challenging due to leakage. Therefore, FA images of specific time-points were chosen for quantification of the distinct lesion subtypes as previously described by Grunwald and coworkers. 26 By applying this strategy, ICC values for interand intrareader agreement of >0.9 were obtained, 26 that were slightly higher than in the current analysis.
Due to potential inclusion of areas of pure leakage, direct comparison of absolute values of the size of the neovascular network measured on FA and OCT-A, does not appear to be reasonable. Notably, in the current analysis, median lesion size values were smaller on FA than on OCT-A, suggesting further factors influencing differential results. Indocyanine-green angiography would be superior as an imaging modality to compare absolute sizes of the neovascular network with OCT-A. However, ICG-A has not been part of this study. Instead, the present study was particularly designed to assess the feasibility of lesion quantification in OCT-A (as measured by ICC and OC) and to compare with values for ICC and OC obtained with FA, which is the current standard in clinical routine care 24, 25 as well as clinical trials 26 (ClinicalTrials.gov number, NCT02611778).
In summary, this study demonstrates that detection and quantification of neovascular lesions in exudative AMD using OCT-A achieve a good agreement between different examiners. Degrees of agreement were overall comparable to FA-based measurements. Yet, there were several eyes with poor agreement of delineation of the neovascular network based on OCT-A. The underlying reasons need to be focused in future analyses. Overall, the present results underscore the potential of OCT-A as non-invasive diagnostic tool in exudative AMD.
